In one example of the invention, the inventors have realized that integrated optical devices disclosed, for example, in U.S. Pat. Nos. 5,002,350 and 5,136,671 may be used to create a variable optical delay line having a wide range of delays. In specific terms, the invention which is here disclosed comprises two identical 1XN wavelength routing devices interconnected with optical waveguides. Each of the interconnecting optical wave guides has a specific length which is different from the length of the other waveguides. The 1XN wavelength routing device connected to receive the incoming opti cal signal which is to be delayed can be considered to have at least one input port and a plurality of output ports where a signal of a specific wavelength that is received by the input port will be directed to a specific one of the plurality of output ports. In operation, it is the wavelength of the input signal that determines which one of the output ports will receive the input signal.
A wavelength shifter is coupled to the input wave guide of the first or input wavelength routing device to 1 illustrates an example of a variable optical delay line which can provide a wide range of delays in accordance with the principles of the invention. The variable delay line is composed of two frequency rout ing devices, interconnected with optical waveguides of different lengths and a controllable wavelength shifter at the input of the device. These structures may be monolithically integrated either partially or fully on a semiconductive wafer and formed by means of known photolithographic techniques.
In the instance where the structure is fully integrated, the delays which are obtainable are limited by the size of the wafer. More delay flexibility is obtainable by using a partially integrated structure where optical fi bers are used for obtaining the delay. Specifically in FIG. 1 , a signal of a first wavelength received on waveguide 11 is shifted to a signal of a second wavelength by wavelength shifter 13. The wavelength shift that is applied to the received optical signal determines the path that the signal takes in going through the wavelength routers 12, 22 and the wave guides 181, 182, ... 18N and, therefore, the amount of delay that the signal will experience. Depending upon the value of the control signal applied to the control port 17 of wavelength shifter 13 by control means 15, the wavelength signal on waveguide 11 may be shifted over a 50 nm bandwidth in the 1.5um region. A wave length shifter suitable for shifting a wavelength signal is disclosed in the Electronics Letters, Aug. 27, 1992, Vol. 28, No. 18, by B. Glance et al., entitled "High Perfor mance Optical Wavelength Shifter'. The wavelength shifter disclosed in this publication is based on the gain saturation effect in a semiconductor optical amplifier. It can transfer multigigabit data streams between two or more wavelengths, tunable over a 50 nm bandwidth in the 1.5 um region. It also provides conversion gain and is cascadable, while causing negligible signal degrada tion. The disclosed wavelength shifter provides a shift in wavelength by copying data onto signals at different wavelengths. Data copying is based on the well-known gain saturation induced cross-talk effect which is usu ally avoided as a nuisance in conventional optical ampli fication, but carded to its extreme in this instance. The use of this effects limits the modulation format to digital intensity modulation. Within this constraint, the result is the same as a wavelength shift.
The wavelength shifter 13 is coupled via input wave guide 14 to the first wavelength router 12. The path of the wavelength signal through the first wavelength router 12 is determined by the wavelength of the signal on waveguide 14. Specifically, an input signal of wave length F1 on waveguide 14 is directed by wavelength router 12 to output port 161, an input signal of wave length F2 is directed to output port 162, and so on up to an input signal of wavelength of FN which is directed to output port 16.N. Each of the output ports 161, 162, . . . 16N is connected to an optical waveguide which has a different predetermined length. In this invention, an optical signal that is to have a long delay is directed to an optical waveguide that is relatively long such as waveguide 18N while an optical signal that is to have a shorter delay is directed to an optical waveguide that is relatively shorter such as waveguide 182.
Continuing with FIG. 1 , output port 161 is connected to the input of a waveguide 181 of a first length, output port 162 is connected to the input of a waveguide 182 of a second length which is longer than waveguide 181, and so on up to output port 16N which is connected to the input of a waveguide 18N of a length which is a waveguide of the longest length. 4. desired, a second wavelength shifter 26, which is con trolled by control means 28, can be connected to shift the wavelength of the signal on the output waveguide 24 back to the wavelength of the signal initially re ceived on input optical waveguide 11. The path 181, 182, ... 18N that the signal takes in going from the first or input wavelength router 12 to the output wavelength router 22 is determined by the wavelength of the signal.
Thus, as each waveguide 181, 182, ... 18N has a different length, the time that it takes for a signal to travel from the input waveguide 11 to the output waveguide 27 is determined by the wavelength of the signal from the wavelength shifter 13. With this invention, the time delay that a signal experiences is going from an input waveguide to an output waveguide is controlled by controlling the wavelength of the signal. connected via input waveguides to a free region 28. A plurality of output ports 30 connected to waveguides extend from the free space region 28 and is connected to an optical grating 32. The optical grating 32 comprises a plurality of unequal length waveguides which pro vides a predetermined amount of path length difference to a corresponding plurality of input ports 34 connected to waveguides connected to another free space region 36. The free space region 36 is connected to a plurality of output ports 38 connected to waveguides 39. The details of their construction and operation are more It will thus be appreciated that those skilled in the art will be able to devise numerous arrangements which, although not explicitly shown or described herein, em body the principles of the inventions. Accordingly, all such alternatives, modifications and variations which fall within the spirit and broad scope of the appended claims will be embraced by the principles of the inven tion.
We claim:
1. A variable optical delay line comprising a wavelength shifter for changing the wavelength of a received optical signal, an input wavelength routing device for receiving the signal from the wavelength shifter, said input wavelength routing device having a plurality of output ports, control means coupled to the wavelength shifter to change the wavelength of the received optical signal to cause the received optical signal to travel through a desired one of the waveguides of differ ent lengths to provide a desired delay to the optical signal by controlling the wavelength of the re ceived optical signal. 4. The variable optical delay line of claim 2, in which the input frequency routing device comprises at least one input port coupled to a waveguide; a first free space region connected to the waveguide coupled to the at least one input port; a plurality of output ports coupled to waveguides connected to the first free space region; an optical grating connected to the waveguides cou pled to the plurality of output ports comprising a plurality of unequal length waveguides; a plurality of input ports coupled to waveguides con nected to the optical grating; a second free space region connected to the wave guides connected to the plurality of input ports connected to the optical grating; and a plurality of output ports coupled to waveguides connected to the second free space region. a first free space region connected to the plurality of input waveguides; a plurality of output waveguides connected to the first free space region; an optical grating connected to the plurality of output waveguides comprising a plurality of unequal length waveguides; a plurality of input waveguides connected to the optical grating; a second free space region connected to the plurality of input waveguides connected to the optical grat ing; and at least one output waveguide connected to the sec ond free space region. 6. The variable optical delay line of claim 4, in which the output wavelength routing device comprises: a plurality of input waveguides; a first free space region connected to the plurality of input waveguides; a plurality of output waveguides connected to the first free space region:
an optical grating connected to the plurality of output waveguides comprising a plurality of unequal length waveguides; a plurality of input waveguides connected to the optical grating; a second free space region connected to the plurality of input waveguides connected to the optical grat ing; and at least one output waveguide connected to the sec ond free space region. 7. The variable optical delay line of claim 6, in which each of the plurality of output waveguides of the input wavelength routing devices are connected to a respec tive one of the plurality of input waveguides of the output frequency routing device by means of one of the waveguides of different lengths.
